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Abstract 
Nanocomposites electrolytes consisting of La
3+
 and Zr
4+
 doped with ceria labelled as La0.2 Ce0.8 
O2-δ (LDC), Zr0.2Ce0.8O2-δ (ZDC) and Zr0.2La0.2Ce0.6O2-δ (ZLDC) have been synthesized via a co-
precipitation route. DC conductivity was studied with a four-probe method in the range of 
temperature 450 to 650 ˚C and maximum conductivity was found to be 0.81 × 10-2 S.cm-1 (LDC) 
> 0.311 × 10
-2
 S.cm
-1
 (ZLDC) > 0.15 × 10
-2
 S.cm
-1
 (ZDC) at a temperature of 650 °C, 
respectively. Further, electric behavior of doped and co-doped ceria electrolytes was investigated 
by A.C electrochemical impedance spectroscopy (frequency range ~ 0.1Hz‒ 4MHz). The 
phase/structural identification of the material prepared was studied using X-ray diffraction and 
found ceria to possess a cubic fluorite structure. Scanning electron microscopy (SEM) was 
carried out to study its morphology and particle size (~ 90-120 nm). Thermal behavior on its 
change in weight and length with the temperature were studied by thermogravimetric analysis 
(TGA) and dilatometry respectively. Furthermore, thermal expansion coefficients (TECs) of 
prepared electrolytes are calculated and found as follows: 13.4 × 10
-6 o
C
-1
, 13.6 × 10
-6 o
C
-1
and 
15.3 × 10
-6 o
C
-1 
for LDC, ZDC and ZLDC, respectively, in the temperature range 150‒ 1150 oC.  
Keywords: Doped ceria, Co-doped ceria, Electrolyte, Lanthanum, Zirconium, Ionic 
conductivity, Thermal expansion coefficient. 
 
 
 
Introduction 
Solid oxide fuel cells (SOFCs) are one of the most promising energy conversion devices due to 
fascinating features such as: excellent efficiency, low emission and fuel flexibility [1-3]. Yttria 
stabilized zirconia (YSZ) is the most common electrolyte used in SOFCs because of its good 
ionic conductivity and stability under both reducing and oxidizing atmosphere [4-5]. But its high 
operating temperature range 800-1000 °C causes certain limitation; for instance, it blocks the ion 
migration at the cathode-electrolyte interface by generating insulating phases with lanthanum 
and strontium based cathodes [6]. Scandia stabilized zirconia has shown good conductivity, but it 
encounters thermal expansion mismatch problems at high temperature Yb2O3, Bi2O3, Al2O3 or 
Ga2O3 with ScSZ [10-15] and also for a particular composition such as for scandia (10 mol%) 
and ceria (1 mol%) co-doped zirconia [10]. Therefore, such restraints put interest and need to 
develop new promising electrolyte materials for low-temperature SOFC (LT-SOFC) e.g., salt 
oxide composites materials and nanocomposites for advanced fuel cell [16-17]. The well-known 
solid electrolyte materials; MO2 (M= Zr, Ce) are still prominent candidates for SOFCs [18]. 
Doped ceria exhibits good ionic conductivity as compared to stabilized zirconia by generating 
oxygen vacancies through which oxygen ions easily conduct [19-23]. Ceria doping/co-doping is 
a good approach to increase the ionic oxide conductivity by structural modification of CeO2 [24], 
however there is the downside of ceria-based electrolytes as the electronic conductivity increases 
under lower oxygen partial pressure (< 10
-10
 atm) due to reduction of Ce
4+
 into Ce
3+
 [25]. 
Therefore, many researchers have to date reported various rare-earth metal ions and transition 
elements such as La
3+
, Dy
3+
, Gd
3+
, Sm
3+
, Eu
3+
, Nd
3+
, Y
3+
, Er
3+
, Ca
2+
, Sr
2+
 to enhance the ionic 
conductivity of ceria based electrolytes [26-29]. The improvement in ionic conductivity of doped 
ceria is due to an increase of oxygen vacancies. However, these vacancies are not free but are 
associated with dopant cations and may be ascribed to defect association or clustering of oxygen 
vacancies after reaching maximum dopant concentration [30]. Ionic conductivity is also 
influenced by valence and ionic radii of dopant cations.  Compatibility between ionic radii of the 
host cation (Ce
4+
) and dopant is significant to get the desired lattice strain, otherwise 
mismatching introduces large lattice strain and hence ionic conductivity tends to decrease [31]. 
Moreover, the binding energy of the dopant lattice must be low to increase oxygen vacancies 
[31]. Furthermore, ceria based electrolytes possess weak mechanical strength and may go 
through mechanical and thermal stress during cell fabrication and high temperature operation 
which confines its realization in practical applications [32, 33].  Hence, ceria mechanical strength 
can be slightly improved with the addition of rare-earth oxides because an increase in oxygen 
vacancies contributes to weaken the binding energy which results in the increase in thermal 
expansion coefficient (TEC) [34].  Therefore, the TEC of constituent components of an SOFC 
must match to prevent cracking during thermal cycling and thus lead to more stability of the FC 
in transient operation [35,36].  
This present work focuses on the development of doped/co-doped ceria electrolytes with 
lanthanum and zirconium to study their electrochemical and thermal characteristics. For this, 
La0.2Ce0.8O2-δ (LDC28), Zr0.2Ce0.8O2-δ (ZDC28) and Zr0.2La0.2Ce0.6O2-δ (ZLDC226) were 
synthesized with co-precipitation method for LT-SOFCs. The morphology and crystal structure 
of these nanocomposite electrolytes were studied by X-ray diffraction (XRD) and scanning 
electron microscopy (SEM). Thermal behavior with respect to its weight and length with change 
in temperature was studied by thermogravimetric analysis (TGA) and dilatometry respectively. 
Thermal analysis was performed to calculate thermal expansion coefficients (TECs) of these 
ceria electrolytes in different temperature ranges from room temperature (RT) to 1450 °C. The 
DC conductivity was determined with a four-probe method in the temperature range 450 to 
650 °C in air and electrochemical impedance analysis (EIS) was studied for these ceria 
electrolytes.  
 
Experimental  
Synthesis of Ceria Doped Electrolytes 
The samples or nanocomposites for ceria doping La0.2Ce0.8O2-δ and Zr0.2Ce0.8O2-δ were labelled 
LDC and ZDC, respectively, while the sample for ceria co-doping Zr0.2La0.2Ce0.6O2-δ was 
labelled ZLDC. These three samples were synthesized via a co-precipitation route [37]. All 
chemicals: cerium nitrate hexahydrate Ce(NO3)3.6H2O, lanthanum nitrate hexahydrate 
La(NO3)3.6H2O, zirconium nitrate pentahydrate Zr(NO3)4.5H2O and sodium carbonate Na2CO3 
were purchased from Sigma Aldrich (99.9%). For the synthesis of LDC and ZDC powders, the 
mol% ratio between ceria and lanthanum/zirconium was kept as 4:1 and for co-doped ceria 
ZLDC, the mol% ratio of ceria, lanthanum and zirconium was considered as 3:1:1. Aqueous 
solutions of nitrates from the stoichiometric amount of cerium nitrate and lanthanum 
nitrate/zirconium nitrate were prepared to make 0.1 M solution and were stirred and heated at 80 
°C on a hot plate. Another aqueous solution of sodium carbonate with 0.2 M was prepared and 
added to the nitrate solution dropwise to keep the PH of the solution maintained at 10. The 
resultant solution was further stirred 1 to 2 hours until a precipitant formed which was rinsed 
with de-ionized water to remove nitrates, followed by vacuum filtering. The precipitate was kept 
in an oven for drying at 200 °C for two hours, sintered in a furnace at 900 °C for four hours and 
afterward well ground to receive the electrolyte powder. 
 
Microstructure Characterization and Thermal Analysis 
The sintered powders La0.2Ce0.8O2-δ (LDC), Zr0.2Ce0.8O2-δ (ZDC) and Zr0.2La0.2Ce0.6O2-δ (ZLDC) 
were characterized by x-ray diffractometery (PANalyticalX'Pert Pro MPD, Netherlands) using 
monochromated Cu Kα radiation with wavelength λ = 0.15418 nm. The lattice constant and 
lattice parameter were calculated from their XRD peaks. The average crystallite size “D” was 
determined by using this Scherrer formula: 
            𝐷 =  
𝑘𝜆
β cos θ
                                                  (i) 
Where the Scherrer constant “k” (shape factor) has a value between 0.89 (spherical particles) and 
0.94 (cubic particle); it is 0.9 for unknown shaped particles as in this work, “β” is the corrected 
full width at half maxima (FWHM) of peak, “θ” is the Bragg angle and “λ” is the wavelength of 
radiation.  
The microstructure of the electrolyte samples was analyzed by scanning electron microscopy 
(FEI Nova NanoSEM 450). The thermal behavior of the composites was investigated by 
thermogravimetry analysis (TGA) (model Q600, USA) and dilatometry (DIL 402 C, 
NETZSCH). TGA was carried out to investigate the weight change with increase in temperature 
using a gas flow of 20 ml/min in nitrogen atmosphere. The linear thermal expansion 
measurements were carried out with dilatometry from room temperature to 1450 °C using a 
heating and cooling rate of 20 °C/min. TECs "𝛼" of the samples were calculated by using below 
formula: 
𝛼 =
𝑑𝐿 
𝐿𝑜
×
1
𝑑𝑇
                                             (ii) 
Where dL= difference of initial and final lengths, Lo = initial length and dT = difference of final 
and starting temperature.  
 
D.C Conductivity and A.C Electrochemical Impedance Spectroscopy (EIS) 
For the measurement of both D.C conductivity and EIS, pellets with dimensions: diameter 1.3 
cm and thickness 0.2 cm were fabricated from the three electrolyte powders LDC, ZDC and 
ZLDC. Then pellets were sintered at 700 °C for one hour and silver paste was coated on both 
sides of the pellet and dried well to get solid silver electrodes on both sides of the electrolyte. 
The D.C conductivity of these electrolyte was determined with a four-probe method using a 
Keithley source meter 2450 SMU in the temperature range 450 to 650 °C in air.  
The electrical behavior of these ceria based electrolytes was investigated by A.C electrochemical 
impedance spectroscopy using a PARSTAT 4000 (Princeton Applied Research, USA) in air with 
the frequency range ~ of 0.1Hz to 4MHz. The impedance data was simulated with software 
ZSimpWin, and equivalent circuits were drawn.  
 
Results and Discussion: 
 
Phase and microstructural analysis 
XRD analysis of prepared electrolytes LDC, ZDC and ZLDC is shown in Figure. 1 in 
dependence of 2θ (in the range from 20° to 90°). All sharp peaks of the sintered powder are ceria 
peaks card no. [96-900-9009] corresponding to the indices (111), (200), (220), (311), (222), 
(400), (331), (420) and (422) with cubic fluorite structure. No peaks of La and Zr are seen on the 
XRD pattern which shows that both La and Zr are completely doped in Ce; this also shows the 
absence of any other diffraction peak of crystalline impurities. Only a slight shifting of 2θ 
towards smaller/larger angles is observed which leads to the change in lattice parameter of doped 
electrolytes. This change is due to the difference in the ionic radii of La
3+
 (1.15 Å) and Zr
4+
 (0.86 
Å) with Ce
4+
 (0.97 Å) which results in the slight increase in the lattice strain/microstrain [38]. For 
sample LDC, peaks are slightly shifted toward smaller angles as La
3+
 ionic radius is larger than 
Ce
4+
, while peaks are shifted toward larger angles for sample ZDC. For ZLDC, peak shifting is 
not prominent except some higher angles peaks are slightly shifted toward smaller 2θ.  
 
This strain is good for helping in the improvement of ionic conductivity of ceria doped and co-
doped electrolyte as compared to pure ceria electrolytes. The possible cause of microstrain is the 
deficiency of oxygen or oxygen vacancies due to the substitution of larger or smaller ionic radii 
at the site of Ce
4+
.  For smaller 2θ, peaks are sharper which corresponds to larger crystallite size 
but as 2θ shifts to higher angles, the peaks become wider which corresponds to smaller crystallite 
size. Lattice parameters “a” and crystallite size “D” for each electrolyte were calculated from the 
peaks and are shown in Table.1. It shows that the lattice parameter of ZDC is smaller than for the 
other samples and its peak is shifted to larger angles because the ionic radius of Zr
4+
 is smaller 
compared to Ce
4+
.  
 
   
 
 
 
Figure 1: XRD pattern of La0.2Ce0.8O2-δ (LDC), Zr0.2Ce0.8O2-δ (ZDC) and Zr0.2La0.2Ce0.6O2-δ 
(ZLDC). 
 
  
 
 
 
Table. 1: Lattice parameter, crystallite size and activation energy of LDC, ZDC and ZLDC 
 
 
Electrolyte 
Lattice Parameter 
'a' 
(Å) 
Crystallite Size 'D' 
(nm) 
Activation 
Energy, Ea 
(eV) 
LDC 5.46 
 
43 
 
0.86 
ZDC 5.39 
 
44 
  
0.88 
ZLDC 5.43 21 
 
0.87 
 
The morphologies of the compositions LDC, ZDC and ZLDC were observed and analyzed by SEM 
and typical micrographs of these synthesized powders are shown in Figure 2. The images depict 
that these nanoparticles of nearly uniform size are well dispersed with dense structure with no 
apparent porosity. It also reveals that the nanocomposites consist of fine particles of size in the 
range of 90˗ 120 nm which is larger than the crystallite size (20-45nm). Hence, particle size is 
large enough to consist of more than two crystallites.    
 
 
 
 
 
 
 
 
 
 
 
Figure 2: SEM images (a, b) La0.2Ce0.8O2-δ (LDC), (c, d) Zr0.2Ce0.8O2-δ (ZDC) and (e, f) 
Zr0.2La0.2Ce0.6O2-δ (ZLDC). 
Thermal Characterization  
The thermogravimetric analysis (TGA) curves of these ceria doped electrolytes (La0.2Ce0.8O2-δ 
(LDC), Zr0.2Ce0.8O2-δ (ZDC) and Zr0.2La0.2Ce0.6O2-δ (ZLDC) are shown in Figure 3. The TGA 
curves explicate that there is no significant weight loss of these electrolytes with increase in 
temperature. As this loss is not more than 1% of the initial weight this confirms their excellent 
thermal stability. In region I (temp < 120 °C), there is slight weight loss for sample LDC, but 
quite prominent weight drop is noticed for ZDC and ZLDC which is specific to evaporation or 
solvent desorption. In region II (temp from 120 °C to 450 °C), there is a slight weight loss for 
LDC but gradual loss for other electrolytes has been observed which is due to the loss of 
volatilization products or thermo-oxidative decomposition reactions. Upon further increase in 
temperature above 450 °C (region III), the weight loss for ZDC and ZLDC is the same as in 
region II which could be ascribed to crystallization since the formation of crystallites attributes to 
weight loss during the process of crystallization from the amorphous phase. In region IV, further 
weight loss is observed for all samples, but no abrupt drop is seen. Weight loss for electrolyte 
LDC, at high temperature, is quite small compared to the other samples, which shows that it is 
more thermally stable.   
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Figure 3: TGA curve of La0.2Ce0.8O2-δ (LDC), Zr0.2Ce0.8O2-δ (ZDC) and Zr0.2La0.2Ce0.6O2-δ 
(ZLDC). 
Dilatometric Analysis 
Thermal expansion of electrolyte materials plays a significant role in many SOFC applications. 
The TEC of the electrolyte must match well with that of the electrodes (anode/cathode) to avoid 
micro-cracks/internal stress developing in adjoining SOFC components at operating temperature 
[39]. The thermal expansion (dL/Lo) characteristics of the samples La0.2Ce0.8O2-δ (LDC), 
Zr0.2Ce0.8O2-δ (ZDC) and Zr0.2La0.2Ce0.6O2-δ (ZLDC) were measured from room temperature (RT) 
to 1450 °C and are represented in Figure 4. It shows that samples expand linearly with 
temperature from 100 ˚C to 1150 ˚C but expansion for LDC and ZDC is more linear than for 
ZLDC. Linear thermal expansion coefficients (TECs) of these samples were calculated from 
equation (ii) and are listed in Table 2. With the increase in temperature from RT to 1450 °C, 
variation in thermal expansion in the lattice is observed due to the formation of oxygen vacancies 
or loss of oxygen in differently doped ceria electrolytes. From Table 2, the values of TECs for 
LDC and ZDC in the temperature range from 150 to 1000 °C are 11.3 × 10
-6 
°C
-1 
and 12.2 × 10
-
6 
°C
-1 
respectively. TEC for LDC and ZDC matches pretty well with the TEC of ceria (CeO2) and 
doped ceria electrolytes as reported previously [4, 36, 40-46]. The TEC of ZLDC is 15.3 × 10
-
6
 °C
-1 
in the temperature range 150 to 300 °C, which is close to the values reported as given in 
table 2. Hence, with further increase in temperature (>1170 °C), the TEC of ZLDC becomes 
negative as indicated in Figure 4(c) due to contraction of material upon further heating. TECs 
“α” of all samples tend to increase with increasing temperature up to 1170 °C, which is due to 
the increase of content of oxygen. This increase in the oxygen vacancy leads to the weakening of 
the binding energy, which is responsible for the increase in the value of TEC. The thermal 
expansion behavior of ZLDC is different from the other two electrolytes at higher temper > 
1150 °C which is because of co-doping of both La (1.061 Å) and Zr (0.72 Å) of different ionic 
radii. The values of TECs for LDC, ZDC and ZLDC from RT to 1450 °C are as follows: 9.1 × 
10
-6
 °C
-1
,
 
8.6 × 10
-6
 °C
-1
, and -15.6 × 10-6 ° C
-1
,
 
respectively. 
 
Furthermore, these doped/co-doped ceria electrolytes showed a good compatibility with more 
commonly used anodes; NiO and YSZ in different temperature range as reported in different 
studies [47-51]. As Gillam et al. reported, the TEC for NiO is 13.9 × 10
-6
 °C
-1 
in the temperature 
range 160 to 1300 °C [48], which is in good concurrence to our TECs as mentioned in Table 2. 
Similarly, these TECs for LDC, ZDC and ZLDC are in good agreement with NiO (14.1 × 10
-
6
 °C
-1
) and YSZ (10.3 × 10
-6
 °C
-1
) as reported by Masashi et al. [50]. The calculated TECs of 
prepared electrolytes also match well with the cathode material La0.65Sr0.3MnO3-δ (12.3 × 10
-6
 °C
-
1
) [46] and cathode composite BSCN˗ 40GDC (13.5 × 10-6 °C-1) reported by Leilei et al.  [35]. 
The harmony between the TEC of electrolyte materials with electrodes results in reducing the 
thermal stress in SOFC and good long-term thermal stability.   
 
 
Table 2: TEC of different electrolytes used for SOFC 
Temperature 
(°C) 
TEC α (×10-6 °C-1) Reference 
 La0.2Ce0.8O2-δ 
(LDC) 
Zr0.2Ce0.8O2-δ 
(ZDC) 
Zr0.2La0.2Ce0.6O2-δ 
(ZLDC) 
Prepared 
samples 
150 – 1000 11.3 12.2 4.5  
150 – 1300 13.4 13.6 15.3  
 CeO2 Ce0.8La0.2O1.9 Ce0.8Sm0.2O1.9 Literature  
25 - 1000 12 12 12 [40] 
1000 13.3 13.2 13.4 [40] 
 Ce0.8Gd0.2O1.9 Ce0.9Sr0.1O1.9 Zr0.85Y0.15O1.93 (8YSZ)  
30 - 800 12.5 12.8 10.5 [44] 
30 - 1000 12.7 13.1 10.9 [44] 
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Figure 4: (a, b) Thermal expansion from RT to 1450 °C /60 to 1150 °C and (c,d) TEC curves of 
La0.2Ce0.8O2-δ (LDC), Zr0.2Ce0.8O2-δ (ZDC) and Zr0.2La0.2Ce0.6O2-δ (ZLDC) from temp RT to 
1450 °C/60 to 1150°C. 
 
DC Conductivity 
The Arrhenius plots for the conductivity of La0.2Ce0.8O (LDC), Zr0.2Ce0.8O2-δ (ZDC) and 
Zr0.2La0.2Ce0.6O2-δ (ZLDC) are represented in Figure 5. This shows the dependence of Ln(σT) 
versus 10
3
/T, which is nearly linear. The ionic conductivity (bulk) is the sum of grain interior and 
grain boundary contribution [52]. The ionic conductivity of pure ceria is 0.24±0.02 × 10
-3
 S.cm
-1
 
at a temperature of 800 °C which is low at high temperature. The ionic conductivity can be 
enhanced significantly in rare-earth-doped-ceria ceramics by incorporating the increase of 
oxygen vacancy.  
1.1 1.2 1.3 1.4 1.5
-3.0
-1.5
0.0
1.5
3.0
ln
(
T
) 
S
.c
m
-1
 K
1000/T (K
-1
)
 
 
 LDC
 ZDC
 ZLDC
 
Figure 5: Arrhenius plot for ionic conductivity of La0.2Ce0.8O2-δ (LDC), Zr0.2Ce0.8O2-δ (ZDC) and 
Zr0.2La0.2Ce0.6O2-δ (ZLDC). 
Here, the ionic conductivity of CeO2 with dopants La
3+
 and Zr
4+
is reported. It has been observed 
that with an increase in temperature, ionic conductivity in these samples increased because at 
high temperature, oxide ion mobility also increases. Using the Arrhenius equation, the activation 
energy for the total conductivity was calculated by fitting the data of conductivity ( ) from the 
slopes in the temperature range 450 to 650 °C.  
 =
 
𝑇
     
   
𝑘𝑇
                               (iii) 
 
Where “Ea” is the activation energy for the migration of oxygen ions, “k” is the Boltzman 
constant, “T” is the temperature in Kelvin, and “A” is the pre-exponential factor.  
The ionic conductivities at 650°C, are in the order of La0.2Ce0.8O2-δ (0.81 × 10
-2
 S.cm
-1
) > 
Zr0.2La0.2Ce0.6O2-δ (0.32 × 10
-2
 S.cm
-1
) > Zr0.2Ce0.8O2-δ (0.15 × 10
-2
 S.cm
-1
) with their 
corresponding activation energies 0.86, 0.87 and 0.88 eV, respectively. The ionic conductivities 
of La0.2Ce0.8O2-δ at 500 °C and 600 °C are 0.195 × 10
-2
 S.cm
-1
 and 0.51 × 10
-2
 S.cm
-1
,
 
respectively, which are higher than the values reported by Nandini et al. [31] for 
Ce0.85La0.15O1.925 (0.02 × 10
-2
 S.cm
-1
 at 500 °C and 0.094 × 10
-2
 S.cm
-1
). Furthermore, the 
activation energy 0.86 eV for LDC in our study is less than 0.97 eV as reported in [31]. The 
increase in bulk conductivity leads to the enhancement of oxygen vacancies, as a result ordering 
of these oxygen vacancies is suppressed which ascribes to a decrease in activation energy for the 
diffusion of oxygen ions [53]. Ionic conductivity of La0.2Ce0.8O (LDC) at 650°C in this study is 
higher than Ce0.8Er0.2-xLaxO1.9 (for composition x=0.06) as represented by Qian et al. [54] 
Generally, total conductivity of ceria doped with rare-earth metal ions is the sum of both ionic 
and electronic conductivity. However, the contribution of electronic conductivity in air for ceria 
based materials is negligible ≈ 10-6 S.cm-1 as compared to ionic conductivity ≈ 10-2 S.cm-1 for 
temperatures less than 800˚C [20, 55]. As in our study the temperature range is 450 to 650oC, 
therefore, electronic conductivity can be neglected, and the apparent conductivity is due to the 
contribution of only ions.  
AC Electrochemical Impedance Spectroscopy 
AC EIS is a powerful tool to investigate the electrical response of an electrolyte and hence to 
elucidate the total ionic conductivity from the contribution of grain interior, grain boundary, and 
electrode. The impedance spectra in the form of a Nyquist plot of doped/co-doped ceria 
electrolytes (LDC, ZDC and ZLDC) are shown in Figure 6(a-c), in the temperature range 450 to 
650˚C. In general, the Nyquist plot at low temperature gives two semi-circles and one incomplete 
semi-circle/tail which is specific to the frequency range of the instrument and applied 
temperatures [21]. The first semi half circle at high frequency (Capacitance C ̴ 10-12-10-10F) 
corresponds to the resistance of the grain bulk (Rgi), the next semi-circle at intermediate 
frequency (C ̴ 10-9-10-7 F) represents blocking of oxygen vacancies at the grain boundary (Rgb), 
and the incomplete arc at low frequency (C <10
-7
 F) corresponds to electrode resistance (Rel). 
However, from impedance plots of electrolytes as shown in Figure 6(a-c) not all the arcs are 
observed due to our high frequency limitation. Instead of two semi circles, one semi-circle/arc 
which corresponds to grain boundary resistance, and some part of a depressed tail that 
corresponds to electrolyte-electrode interface reactions are represented in the Nyquist plot. The 
size of impedance arcs decreases with the increase of temperature for electrolytes LDC, ZDC 
and ZLDC, but impedance response of LDC is smoother than the others. As the temperature 
increases, the arcs shift toward higher frequency due to the relaxation frequencies of different 
polarization processes which leads to the disappearance of independent arcs due to a limited 
frequency range [56]. The impedance arc for LDC is quite prominent at lower temperature 
compared to ZDC and ZLDC as plotted in Figure 6(a-c), which corresponds to the grain 
boundary capacitance in the range of nF. The capacitance is obtained from the relation [56]: 
𝐶 =
1
2𝜋𝑓𝑅
                                   (iv) 
Where “f” is the applied frequency at the arc/semi-circle maximum and “R” is the resistance 
which is obtained from the arc intercept on the Z real axis. Similarly, capacitance determined 
from arcs for ZDC and ZLDC also lies in the nF range which is associated with the grain 
boundary resistance.  Hence, some part of tail for ZDC and ZLDC is displayed on impedance 
spectra and capacitance for these depressed tails for all samples lies in the range 10
-4
-10
-3
F,
 
which corresponds to electrolyte/electrode interface polarization.    
The equivalent circuits used for fitting the experimental data consisted of (LR QR QR), which is 
shown inset of the figures, where L is the inductance which can be attributed to the connecting 
wires, R is the resistance of the material, and Q is a constant phase element. 
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Figure 6(a-c): Impedance plots for La0.2Ce0.8O2-δ (LDC), Zr0.2Ce0.8O2-δ (ZDC) and 
Zr0.2La0.2Ce0.6O2-δ (ZLDC).  
Conclusion: 
Doped and co-doped ceria composites have been presented as an efficient electrolyte candidate 
for the intermediate temperature solid oxide fuel cell (IT-SOFC). Nanocomposites: La0.2Ce0.8O2-δ 
(LDC), Zr0.2Ce0.8O2-δ (ZDC), and Zr0.2La0.2Ce0.6O2-δ (ZLDC) have been successfully synthesized 
via a co-precipitation technique to study the doping effect of La
3+
 and Zr
4+
 with ceria. The 
obtained powders have cubic fluorite structure with crystallite size in the nanometric range (20 to 
45 nm) from XRD analysis. TGA and dilatometry have been carried out to investigate the effect 
of temperature on sample weight and length, respectively. All samples have shown excellent 
thermal stability, as no significant weight loss (less than 1%) was observed in the temperature 
range RT to 1000˚C.  Thermal expansion coefficients (TECs) were calculated as follows: 13.4 × 
10
-6 
°C
-1
, 13.6 × 10
-6 
°C
-1 
and 15.3 × 10
-6 
°C
-1 
for LDC, ZDC and ZLDC, respectively, in the 
temperature range 150 to 1150°C. Our reported TECs have shown good concurrence to most 
commonly used electrolytes and anode/cathode. Ionic conductivity has been studied for doped 
ceria electrolytes in the temperature range 450 to 650˚C and are ranked as follows: La0.2Ce0.8O2-δ 
(LDC) > Zr0.2La0.2Ce0.6O2-δ (ZDC) > Zr0.2Ce0.8O2-δ (ZLDC) with their corresponding activation 
energies 0.86, 0.87 and 0.88 eV.  The results revealed that La0.2Ce0.8O2-δ shows the highest ionic 
conductivity of 0.81 × 10
-2
 S.cm
-1
 at 650˚C compared to other ceria doped electrolytes.   
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